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Abstract
The behavior of confined cylindrical micelle-forming surfactants under
the influence of shear has been investigated using Monte Carlo simulations.
The surfactants are modeled as coarse-grained lattice polymers, while the
Monte Carlo shear flow is implemented with an externally imposed poten-
tial energy field which induces a linear drag velocity on the surfactants. It
is shown that in the absence of shear, cylindrical micelles confined within
a monolayer coarsen gradually with Monte Carlo “time” t, the persistence
length of the micelles scaling as t0.24, in agreement with the scaling ob-
tained experimentally. Under the imposition of shear, the micelles within a
monolayer align parallel to the direction of shear, as observed experimen-
tally. Micelles confined within thicker films also align parallel to each other
with a hexagonal packing under shear, but assume a finite tilt with respect to
the velocity vector within the velocity-velocity gradient plane. We propose
a novel mechanism for this shear-induced alignment of micelles based on
breaking up of micelles aligned perpendicular to shear and their reforma-
tion and subsequent growth in the shear direction. It is observed that there
exists a “window” of shear rates within which such alignment occurs. A
phenomenological theory proposed to explain the above behavior is in good
agreement with simulation results. A comparison of simulated and experi-
mental self-diffusivities yields a physical timescale for Monte Carlo moves,
which enables an assessment of the physical shear rates employed in our
Monte Carlo simulations.
1
1 INTRODUCTION
The idea of “driven” self-assembly has gained widespread attention and appli-
cation over the last few years. The concept involves using external fields such
as shear and electric fields to drive the molecular assembly process in a specific
course, which may or may not be the direction taken in the absence of the field. Of
particular interest to us is the use of shear as a driving force to align self-assembled
polymer microstructures in the direction of the shear.
It is well-known that diblock or triblock copolymers self-assemble below an
order-disorder transition temperature to form an array of striking microphases,
which usually take the form of spheres, cylinders, gyroids and lamellae [1] in
the bulk. Alignment of these diblock and triblock copolymers microphases us-
ing shear is an old observation. Several authors [2, 3, 4, 5] have used oscilla-
tory shear during annealing to align diblock copolymer lamellae in the parallel or
the transverse directions depending on the magnitude of the shear. Others have
demonstrated alignment of triblock copolymer cylinders in the shear direction
whereby the cylinders pack themselves in a hexagonally arrangement in the plane
perpendicular to the shearing direction [6, 7, 8, 9, 10]. Several mechanisms for
the alignment of lamellae under shear have been proposed. Briefly, these include
selective melting of unaligned portions of microphases, annihilation of defects
due to shear, and grain rotation due to rocking motion in the case of oscillatory
shear [5]. Substantially fewer studies have examined the alignment of micelles
using shear [11, 12, 13]. The mechanism proposed to explain alignment in cylin-
drical domains has involved two steps. The first step requires breakup of cylinders
perpendicular to shear and second step, the subsequent rotation and alignment of
shorter cylinders along the direction of shear [9]. Definitive experimental proofs
and theories relating to the above mechanisms of alignment are still lacking. More
recently, a steady shearing of a monolayer of diblock cylinders under annealing
conditions has been shown to result in perfectly aligned diblock cylinders span-
ning distances as large as centimeters [14]. Such alignment on surfaces (as op-
posed to bulk) is also very important from a technological point of view since
the resulting patterns have potential applications in lithography and semiconduc-
tor processing. It is not clear whether the alignment mechanism in these thin
films of polymers is similar to the mechanism hypothesized for the correspond-
ing phenomena in bulk polymers. Clearly, a molecular-level understanding of the
shear-induced alignment mechanism is required.
The present study, motivated by the experimental findings of Ref. [14], deals
with understanding the molecular-level mechanisms governing the alignment of
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thin films of cylindrical micelles under steady shear. The thin films to be examined
in this study have thickness ranging from one to five micelle diameters. We adopt a
coarse-grained lattice Monte Carlo (MC) approach to model the surfactants, while
the shear is implemented by associating a “pseudopotential” to it, which is then
included within the MC acceptance criteria. Such an approach offered us an op-
portunity to probe the relatively large lengthscales and long timescales involved
in these phenomena, which are generally inaccessible using the more atomistic
approaches like molecular and brownian dynamics. Combined hydrodynamics-
mean field approaches, though promising, fail to provide molecular level infor-
mation on the self-assembly process under shear [15]. Even brownian dynamics
simulations of worm-like micelles undergoing shear, which have been quite suc-
cessful in modeling the micelles as a single polymer chain which can undergo
scissions and recombinations [16], provide little information on the actual self-
assembly of individual surfactants which make up the micelles. In the present
study, our surfactants are modeled as shortened versions of diblock copolymers.
In this paper, we first investigate the coarsening behavior of micelles in an-
nealing conditions in the absence of shear. It is shown that the scalings obtained
for the apparent kinetics of coarsening (in terms of MC “time”) match those ob-
tained experimentally, thereby providing a good basis for our subsequent studies.
We then examine the effect of shear on the micelles. It is shown that the micelles
align in the direction of shear through a novel mechanism, similar to the one hy-
pothesized by Scott et. al. [9]. The effect of film thickness on the alignment is also
examined. Finally, we examine the extent of alignment of micelles with respect to
different shear rates (γ˙) and temperature (T ), and show a remarkable dependence
of the quality of alignment on γ˙ and T . We explain these trends quantitatively
using a simple model.
2 MODEL
Our model system consists of cylindrical micelles sandwiched between two im-
penetrable walls of comparable width. The special case of a monolayer of these
micelles is illustrated in Fig. 1a. Amphiphiles are modeled as an H4T4 lattice sur-
factant on a cubic lattice with coordination number z = 26, where H and T refer
to the head and tail sites respectively [17]. The subscript in the above notation
indicates the respective lengths of the H and T units (refer to Fig. 1b) . Solvent
molecules are assigned to occupy single sites and do not interact with the am-
phiphiles. The amphiphile sites interact with each other through nearest neighbor
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and excluded volume interactions with interaction energies ǫHT , ǫTT , and ǫHH for
the three interactions. There is only one relevant energy parameter ǫ defined as
ǫ = ǫHT −
1
2
ǫTT −
1
2
ǫHH (1)
For the sake of convenience, we impose that ǫTT = −2 and all other interactions
are set to zero, as in Ref. [17]. The dimensionless temperature is then set accord-
ing to ǫ as T ∗ = kT/|ǫ|, where k is the Boltzmann constant. For the rest of this
paper, all the temperatures have been scaled as above but the superscript (*) has
been omitted for convenience. The above model of surfactants, though simple,
captures most of the essential features of surfactant self-assembly [17, 18]. The
MC simulations are performed in the canonical ensemble using reptation moves
(slithering-snake algorithm [19]) which utilize configurational bias for computa-
tional efficiency [20, 21].
Since, the H4T4 surfactant naturally forms spherical micelles at low volume
fractions (φ) of surfactants, we maintain the surfactants at large volume fractions
(φ = 0.5) where they form cylindrical micelles. Using still larger volume fractions
leads to formation of gyroid and lamellar phases. The simulation box in Fig. 1a
was chosen to have a lateral dimension (L) much larger than the periodicity of the
resulting micelles, which is on the order of about 10 lattice units (lu). Choosing
large lateral dimensions avoids many problems associated with finite-size effects.
The thickness of the film (h) was varied from 10 to 60 lattice units. Periodic
boundary conditions are used in the two lateral directions. Similar to the experi-
ments in Ref. [14], the temperature during annealing (with or without the shear)
is kept above the glass transition temperature (Tg) but below the order-disorder
temperature (TODT ).
A linear shear flow was imposed within the slit using the method proposed in
Refs. [23, 22]. The main idea of this approach is to assign a fictitious potential
energy gradient ∇Ud to the drag force experienced by each amphiphile site given
by
∇Ud = ζvx (2)
where vx is the non-zero component of the velocity in the x direction and ζ is
a friction coefficient. For a linearly varying shear flow, the velocity profile of
the solvent is given by vx = γ˙y where γ˙ is the shear rate and y is the coordinate
perpendicular to the slit. Apart from the usual interaction energy contribution ∆U ,
the MC reptation moves on the amphiphiles also include an additional energy term
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from each of the sites due to contribution from shear given by
∆Ud,i =
∫ x2
x1
−ζγ˙ydx = −ζγ˙yavg(x2 − x1) (3)
in going from (x1, y1, z1) to (x2, y2, z2), where the term yavg = (y1 + y2)/2 en-
sures microscopic reversibility. The final acceptance criteria for a MC move then
becomes
Pacc = min
(
1, exp
[
−(∆U +
N∑
i=1
∆Ud,i)/kT
])
(4)
where the shear contribution has been summed over N = 8 sites of the am-
phiphile.
The acceptance criteria of Eq. 4 hence ensures that the displacements of the
amphiphiles are always biased in the flow direction, and the “flow velocity” may
be obtained as the ratio of the net displacement of molecules and the MC “time”
counted in terms of number of MC cycles (mcc). Here, 1 mcc is defined as a cycle
of attempted MC moves on all the surfactants within the simulation box. We have
demonstrated that this shearing approach provides a reasonable approximation
for shear-flow dynamics for both monatomics and polyatomics as long as the MC
moves are chosen realistically [24]. We anticipate that the amphiphiles will exhibit
reptational dynamics within the tightly bound micelles, and hence our choice of
performing MC reptation moves seems fully justified here.
3 RESULTS AND DISCUSSION
3.1 Annealing without shear
Here, we discuss the coarsening dynamics of a monolayer of micelles with “time”
(measured in MC cycles) during annealing in the absence of shear. The simu-
lations were conducted at T = 6, and the simulation box is chosen to have di-
mensions of L = 120 and h = 10, such that the micelles form a monolayer of
cylinders within the thin film. We start with a completely disordered state of the
surfactants i.e. T > TODT , and then lower the temperature to Tg < T < TODT
and record the evolution of the system. The glass transition temperature of the
surfactant thin films, Tg ≃ 3.5, was obtained from self-diffusivity (Ds) vs. T and
internal energy (U) vs. T data. The temperature at which the logDs − T curve
exhibited an inflection point was designated as Tg. This value of Tg also agreed
very well with the temperature below which U remains constant with respect to
5
T , signifying extremely slow dynamics. The order-disorder temperature was es-
timated to be equal to TODT ≃ 9.5. This was obtained via the calculation of the
average number of T beads neighboring the end H bead (Nneighb). An inflection
in Nneighb versus T , where Nneighb is shown to increase with T , was indicative of
TODT at which point the surfactant become disordered.
Figures 2a-c shows snapshots of the simulations during this annealing process,
beginning from the disordered system in Fig. 2a. Within a short interval the micel-
lar structures have taken the form of well-developed cylinders which intermingle
with each other and have only slight orientational correlation with each other and
themselves due the many topological defects present in the system (Fig. 2b), re-
sembling the entangled state of worm-like micelles. At later stages these defects
annihilate and reduce in numbers leading to larger correlations between micelles
as seen in Fig. 2c.
In order to quantify the degree of alignment and orientation of micelles, we
have computed the order parameter of the micelles given by
ψ(r) = exp[2iθ(r)] (5)
where we have defined θ to be the angle subtended by the normal of the micellar
axis and the x-axis. To calculate the persistence length of the micelles, we have
evaluated the correlation between order parameters at distances |r| apart as given
by 〈ψ(r)ψ∗(0)〉. The persistence length ξ is then determined by fitting an expo-
nential exp(−|r|/ξ) to the correlation, as described in [25]. Figure 3 shows this
correlation computed at different times versus the distance |r|. Note that all cor-
relations decay to zero at finite distances, and more importantly, the correlations
persist for longer distances at larger times. The inset shows that the correlation
lengths ξ increase ever slowly with time with a scaling of t0.24. A similar scaling
is obtained when ρ−1/2 is plotted versus time (not shown), where ρ is the number
density of defects which is generally proportional to ξ−2.
The above scaling agrees very well with the scaling of t1/4 obtained exper-
imentally by Harrison et al. [25]. These authors suggest a coarsening process
dominated by a defect annihilation mechanism to be the origin for the above par-
ticular scaling, which agrees well with our observations. Hence, our simple lattice
polymer model is able to reproduce the complex coarsening mechanism obtained
experimentally, which provides support for the validity for our subsequent results
using shear with this highly simplified model.
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3.2 Shear-aligning mechanism
In order to study the effect of shear, the monolayer system with h = 10 described
above is now sheared while annealing it from the disordered system shown in
Fig. 2d. A multilayer version (h upto 60) is discussed in the next section. Fig-
ure 2e shows a snapshot of the sample after a short time whereby some of the
micelles have aligned in the direction of shear. Shearing the sample for longer
times yields perfectly aligned micelles shown in Fig. 2f, similar to the flawlessly
aligned diblock cylinders in Ref. [14]. We have established a simple mechanism
for alignment by analyzing snapshots of the system at intermediate stages. Start-
ing from a disordered state, micellar structures begin to appear and coarsen with
time. At the same time, micelles also elongate by merging with nearby micelles
and isolated amphiphiles. It is important to note that the micelles tend to grow in
the direction of shear due to an effective increase in the transport (diffusion) rates
parallel to the shear as opposed to the direction perpendicular to it. This has been
verified through calculation of diffusion coefficients in the two directions. Mi-
celles oriented perpendicular to the shear direction either break apart when they
become too long, or merge with other micelles in the direction of shear when they
are short.
The mechanism of shear alignment is even more vividly illustrated by shearing
a pre-aligned micellar system (shown in Fig. 4a) in a direction perpendicular to its
original alignment. Due to increased transport rates in the shear direction, local
instabilities are created within the micelles which result in individual micelles to
approach each other at intermittent locations as shown in Fig. 4b. This causes
the micelles to break up into smaller pieces as shown in Fig. 4c. Due to the
shear, these broken micelles extend and join with existing micelles in the direction
of shear, thereby forming “bridges” as shown in Fig. 4d. The originally intact
micelles now break apart between the bridges to give rise to structures which are
now roughly oriented in the direction of shear as shown in Fig. 4e. The above
process occurs within a very short time. These roughly aligned micelles now take
a comparatively longer time to attain the almost perfectly aligned state shown in
Fig. 4f. The orientational correlation function for the final shear-aligned sample
does not decay to zero within the bounds of the simulation box (not shown). The
cylinder diameter and the spacing between the micellar cylinders also decreases
sometimes with prolonged shearing, as observed in some systems experimentally
[26]. It was also observed that he above described mechanism applied equally
well for the shear-induced alignment of multilayered cylindrical micelles. Note
that such a mechanism for alignment agrees very well with that hypothesized by
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Scott et al. [9] for the case of alignment in triblock copolymer cylinders discussed
before. The effect of shear rate and temperature on alignment is discussed later.
We also computed the orientation angle of individual amphiphiles within the
state of alignment and found that the molecules prefer to maintain a slight tilt with
respect to the micellar axis in the direction of shear, with angles ranging from 90
to 85◦ as the shear rate is increased. This may be one of reasons for the reduction
in diameters of the micelles with shear rate observed in the simulations.
3.3 Effect of film thickness
So far, we have only considered shearing of a monolayer-thick surfactant film. We
now explore the impact of the film thickness on the resulting structure of micelles
after shearing. To this end, we have conducted shear MC simulations at several
film thickness ranging from h = 10 to h = 60 lattice units. The length of the
simulations were chosen to be long enough to reach steady state. Due to the fact
that the computational requirements of the MC simulations increase drastically
with the film thickness, we have restricted our analysis to only a few micelles-
thick films. The main results from this study are summarized in Figs. 5 and 6.
Figure 5 shows the isometric snapshots of the resulting micelles at different
film thickness after shearing them for 1 million MC cycles. The shear rates for
each film thickness in Fig. 5 have been chosen to be approximately 20-30% below
the critical shear rate at which the systems become disordered. Examining the
values of shear rates mentioned in Fig. 5, it may be concluded that as the films
become thicker, they become more prone to disorder with respect to the magnitude
of the imposed shear rate. The reason for this is discussed in more detail in the
next section. As discussed before, the micelles corresponding to h = 10 adopt
a parallel orientation to the velocity vector (v). The micelle diameter (d ≃ 11)
is slightly smaller than the film thickness, which gives their crosssection a slight
elliptical appearance (see Fig. 5a). A thicker film with h = 20 is not able to
accommodate a bilayer of micelles with the dimensions mentioned above, which
results in the formation of a single layer of lamellar micelles. As the thickness
is further increased to h = 30, the walls are able to accommodate a bilayer of
cylindrical micelles. The micelles align parallel to each other as in the monolayer
case. However, they now assume tilt of approximately 28◦ with respect to the
velocity vector within the shearing plane (v-∇v), while still remaining parallel
within the velocity-vorticity plane (v-e). Longer simulations still yielded the same
tilt angle. As, the thickness is further increased to h = 40, the tilt angle decreases
to about 18◦, as seen in Fig. 5. In addition, the micellar cylinders are seen to pack
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themselves in a hexagonal fashion, with the [10] plane parallel to the vorticity
direction, as seen experimentally by Tepe et al. [11]. A further increase in the
thickness only causes a minor decrement in the tilt angle (refer to Fig. 6). Finally,
in order to demonstrate that the tilt phenomenon is real and not an artifact of our
choice of the shear rate or due to finite-size effects, we conducted simulations at
different shear rates and system sizes. It was observed that the shear rate as well
as the system size had an insignificant effect on the tilt angle. The results for the
latter case are summarized in the inset of Fig. 6. Hence, it may be reasonable to
conclude that the tilt observed in the micelles is a real phenomena. Extrapolating
the tilt angles in Fig. 6 to much thicker films suggests that the micelles would still
assume a small but finite tilt angle in the bulk. More extensive simulations are
needed to prove this, which are beyond the scope of this paper.
The observed tilt in the micelles contradicts the results of several experiments
conducted in the bulk, where the block copolymer cylinders have been demon-
strated to nearly align parallel to the velocity vector, both under shearing and
extensional flows [9, 10, 11, 26]. In these instances, the block copolymer do-
mains were essentially “infinitely” long. On the other hand, our results agree with
the extensional flow experiments of Pakula et al. [27] who observed that short
copolymer domains are inclined at a finite angle (∼ 20◦) to the velocity vector.
Theoretical studies as well as nonequilibrium molecular dynamics simulations of
long hydrocarbons [28] and worm-like micelles (modelled as polymers with vari-
able length) [16] in shear flow also confirm a tilting of the molecular entities with
respect to the shearing direction. From the above discussion, we may hypothesize
that the length of the micelle is an important factor in governing its subsequent
alignment under shear. Long micelles tend to adopt a parallel orientation, while
short ones tend to assume an inclination to the shearing direction. This difference
is possibly due to the fact that the lengthy micelles experience significantly larger
torques due to shear as compared to the short micelles. A more extensive analysis
of this phenomena as well as its experimental verification is required.
3.4 Effect of shear rate and temperature
It is important to quantify the effect of different shear rates and temperatures on
the rate as well as the quality of alignment of micelles. To this end, we have
performed simulations at various values of the quantity ζγ˙, which characterizes
the magnitude of the resulting shear rate, and temperatures for the h = 10 sys-
tem. The analysis performed here can be readily extended to the case of thicker
films. The results are summarized in Fig. 7. It is observed that there exist three
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distinct regimes. In the first regime, the shear rates are too low to influence any
alignment to the micelles within the time frame of our simulations (∼ 1.5 million
MC cycles). The micelles simply coarsen with time without any major changes
in their orientations. Since alignment requires micelles to break up into smaller
chunks according to the mechanism outlined before, the shear should be suffi-
ciently strong in order to provide the necessary energy for micellar breakup. In the
second regime the shear is strong enough to influence the micelles to align within
reasonable amounts of simulation time. When the shear becomes too strong, it
results in micelles breaking up irreversibly resulting in a completely disordered
system. This is the third regime which in many ways is similar to the disordered
states obtained for T > TODT . The extent of the three regimes with respect to the
shear rate obeys an interesting temperature dependence which may be quantified
by a simple phenomenological theory described next.
The lower bound on the shear rate (ζγ˙lower) which results in alignment may be
estimated by noting that such alignment would occur only when the shear energy
term in the acceptance criteria (Eq. 1) is of the same order of magnitude as the
energetic interactions term alongside it. Since the interaction energy term is pro-
portional to |ǫ| and that the shear energy term is proportional to ζγ˙, we may then
assert that
ζγ˙lower = a|ǫ| (6)
is valid to the first order. Note that the constant a is roughly inversely proportional
to the height of the film (h), which evidently arises from the term yavg within the
shear energy term in Eq. 3. Also, a is clearly dependent on the micelle architec-
ture. It may be assumed for convenience here that a is independent of temperature.
Equation 6 along with a fit parameter a = 0.24 seems to agree very well with the
simulation results as shown in Fig. 7. The upper bound on the shear rate refers
to the critical value of shear rate where the sum of the shear energy term, which
is proportional to ζγ˙, and the interaction energy becomes equal to the energy of
disordering, the latter being proportional to TODT . This requires that
ζγ˙upper = b(TODT − T ) (7)
where b is another constant similar in nature to a i.e. it is expected to be inversely
proportional to h and dependent on the surfactant architecture. Again, the upper
bound with b = 0.31 agrees very well with the simulation results. These results
suggest that the shear aligning regime is fairly broad at low temperatures but di-
minishes linearly with increasing temperature. At temperatures higher than the
temperatures where the two bounds intersect (T ∼ 8.6), it is impossible to attain
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shear alignment. Also note that shear aligning does not continue indefinitely as
the temperature is decreased because the system reaches a glassy state whereby
the dynamics of the system become so slow that alignment becomes impossible
to attain.
An increase in the film thickness (h) is expected to shift the lower bound down-
wards and decrease the slope of the upper bound as a result of the inverse depen-
dence of a and b on h, as discussed before. Nevertheless, the qualitative nature of
the phase diagram is expected to remain unchanged. The above dependence of b
on h explains the reason why progressively small shear rates were used to align
micelles in Fig. 5 as the films became thicker.
It is also instructive to describe the kinetics of shear-induced alignment with
respect to the magnitude of the shear. Figure 8 shows the nematic order param-
eter 〈2 cos2 θ − 1〉 plotted against Monte Carlo time for T = 6 at different shear
rates. It can be clearly seen that the initial rate of alignment (for t < 10000 MC
cycles) increases monotonically with the shear rate. However, the long-term qual-
ity of alignment, which is reflected by the limiting value of the order parameter,
increases initially with the shear rate whereby it reaches its maximum, and then
decreases with the shear rates as disordering sets in at large shear rates. Based
on the above results, we propose that the most efficient procedure for obtaining
well-aligned micelles is to begin the annealing process at a large shear rate (but
still maintaining T < TODT ) during which the micelles align fairly rapidly with
time and then gradually bring down the shear rate so to improve the final quality
of alignment as evident from Fig. 8.
3.5 MC versus experimental shear rate
It is instructive to obtain a rough estimate of the shear rates employed in our MC
simulations to align the micelles, and compare them with the actual shear rates
used in the experiments of Ref. [14]. To this end, we need to match the length and
timescales of MC simulations to physical units of meters and seconds, respec-
tively. The protocol consists of first obtaining an estimate of the real length of
our lattice surfactant, and then estimating the size of an MC cycle by comparing
the translational diffusivity (Ds) obtained through MC simulations with that from
experiments, under comparable conditions. The shear rate obtained from simula-
tions may then be quickly translated into real units of s−1. It should be kept in
mind that any such matching where a lattice model is mapped onto its off-lattice
and flexible version is bound to be crude and hence would only be accurate to
within an order of magnitude.
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Through a comparison of the solubility data of hydrocarbons in water at a
temperature of 298 K (obtained by Tsonopoulos [29]) with that computed for our
lattice polymers from their phase behavior, it may established that a single T bead
corresponds to roughly an ethyl unit (C2) and a single H bead corresponds to an
ethoxy group (E1), while a vacant solvent site corresponds to two water molecules
[30]. Hence, our H4T4 surfactant corresponds to the real surfactant C8E4, and the
lattice unit spacing in our simulations amounts to a length of roughly 3 A˚ i.e 1 lu≃
3×10−10 m. It may also be established through such a comparison that ǫ ≃ 60 K.
Accordingly, our simulations conducted at T = 6 correspond to a real temperature
of 360 K. We have also calculated the self-diffusivity of our surfactants in the
cylindrical phase at φ = 0.5 and T = 6 to be approximately equal to Ds =
3.4 × 10−6 lu2/mcc. From experimental studies on C8E5 surfactants [31] and
C8E4 surfactants [32], as well as molecular dynamics studies on model surfactants
C19 [33] under conditions of temperatures and volume fractions similar to our
simulations, it may be established that the the C8E4 surfactant has a self-diffusivity
on the order of 10−10 m2/s. This sets a physical time of 3.1× 10−15 s for our MC
cycle (1 mcc) via comparison of the simulated and experimental diffusivities.
The MC shear rates measured in our simulations at T = 6, corresponding to
the shear aligning regime ζγ˙ ∈ (0.24, 1.09) in Fig. 6, ranged from 1.3×10−6/mcc
to 5.7 × 10−5/mcc. Using the physical time associated with each MC cycle,
these translate to physical shear rates ranging from 4 × 108/s (denoted by γ˙L)
to 1.8 × 1010/s. The length of the MC simulation runs in this study, which were
several million mcc, correspond to merely a few nanoseconds of real time. On the
other hand, the experimentally employed shear rates needed to align the diblock
copolymers in Ref. [14] were on the order of 10/s and the alignment occurred
over several hours. At first glance, it may seem that the conclusion drawn from
our previous analysis, namely that shear rates lower than γ˙L do not result in any
alignment of the micelles, is violated by the experimental evidence of alignment at
small shear rates of 10/s. It should however be pointed out that our analysis only
considered alignment within the first few nanoseconds while the experiments span
a time of several hours. Clearly, observing the samples over much larger times
may show evidence of alignment at shear rates equal to, and much smaller than,
γ˙L. We therefore believe that the validity of Eq. (6) would hold, though the lower
bound on the shear rate characterized by the constant a in Eq. 6 is expected to
decrease, with a severalfold increase in the “observation” time. Such drastic dif-
ferences in the accessible shear rates and timescales clearly point to the apparent
limitations of molecular simulations.
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4 CONCLUSIONS
We have studied the behavior of self-assembling, cylinder-forming surfactants,
both in the presence and absence of shear. It is shown that in the absence of shear,
the cylindrical micelles coarsen via a defect annihilation mechanism with a kinetic
scaling of t0.24, very similar to the mechanism and scalings observed experimen-
tally. In the presence of shear, it is observed that the micelles align rapidly with
shear through a mechanism where the micelles perpendicular to the shearing di-
rection break up into smaller micelles, and that these smaller micelles align and
grow in the direction of shear via recombination with other micelles and individ-
ual surfactant chains. This mechanism, responsible for the alignment of micelles,
agrees very well with mechanisms previously proposed for the alignment of tri-
block copolymer cylinders. It is shown that the micelles align perfectly parallel to
the shearing direction for monolayer-thick films, while they assume tilts of 15-30◦
with respect to the shearing direction in the shearing plane for thicker films which
can accommodate multilayered micelles. We hypothesize that this is as a result
of the micelles being fairly short. It is demonstrated that there exists a window
of shear rates within which shear aligning takes place, and that this window de-
creases linearly with temperature. We have also developed a simple theory for
predicting this domain of shear alignment on a temperature and shear rate plane,
which agrees well with our simulations. At the end, we have performed a compar-
ison of the shear rates utilized in our study with those used experimentally to align
diblock copolymers. We conclude this study by stating that coarse-grained lattice
models of polymers combined with novel dynamical features offer a powerful
approach to understanding phenomena occurring in the sub-continuum regime.
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Figure 1: a) Schematic of our model system showing a one-dimensional layer of
cylindrical micelles confined in a slit pore, and b) a cartoon of an H4T4 amphiphile
on a cubic latice.
16
Figure 2: Top view of the micellar system at different stages during annealing at
T = 6. Snapshots (a)-(c) show coarsening of micelles during annealing without
shear at (a) t = 0, (b) t = 0.1, and (c) t = 3.5 million MC cycles. Snapshots
(d)-(f) show the alignment of micelles under a shear rate of ζγ˙ = 0.72 in the
direction of the arrow at d) t = 0, e) t = 0.28, and f) t = 1.4 million MC cycles.
All snapshots show a 60 × 60 lu2 region within a simulation box of dimensions
L = 120 lattice units. The black and grey colored regions refer to the tail and
head sites respectively.
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Figure 3: Orientational correlation between micelles as a function of distance
during annealing. The solid line represents the correlation at t = 0 while the
dashed lines represent times of 0.57, 1.13, 1.68, 2.24, 2.79 and 3.35 million MC
cycles progressing outwards from the origin. The inset shows the corresponding
correlation lengths plotted as a function of the annealing time. The dashed line in
the inset corresponds to a power-law fit of t0.24.
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Figure 4: Snapshots of a small simulation box with L = 40 lattice units showing
the evolution of a pre-aligned micellar system in the presence of a shear in a
direction perpendicular to the initial alignment of micelles at (a) t = 0, (b) t =
0.005, (c) t = 0.0125, (d) t = 0.025, (e) t = 0.0325, and (f) t = 0.25 million MC
cycles, respectively. The shading format and significance of arrow is as in Fig. 2.
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Figure 5: Isometric view of the surfactant thin films after annealing them under
shear at T = 6 for 1 million MC cycles for (a) h = 10 and ζγ˙ = 0.72, (b)
h = 20 and ζγ˙ = 0.36, (c) h = 30 and ζγ˙ = 0.18, and (d) h = 40 and ζγ˙ =
0.12. The corona of micelles composed of T beads has been ommited for clarity.
The light grey-shaded region corresponds to the core of the micelles while the
dark-grey regions represent to the crosssection of micelles along the faces of the
simulation box. The hexagonal packing of cylinders in (d) has been emphasized
by connecting cylinder centers via black lines.
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Figure 6: Dependence of the alignment angle on the film thickness. The symbols
show the simulation data while the dashed lines are meant to guide the eye. The
inset shows the alignment angle as a function of lateral system size.
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Figure 7: Pseudo-phase diagram showing regions of shear alignment as a function
of temperature and shear rate. The symbols represent simulation results showing
regions of shear alignment (solid circles), regions of well-formed but unaligned
micelles (triangles), and regions of disorder (squares). The solid and dashed lines
show the analytical upper and lower bounds of regions where shear aligning oc-
curs while the region left of the dash-dotted line represents the glassy region where
shear alignment does not occur.
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Figure 8: Evolution of the nematic order parameter with time at different shear
rates at T = 6. The curves have been labelled with their corresponding shear rate.
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